The success of CRISPR/Cas9 gene editing applications relies on the efficiency of the 2 single guide RNA (sgRNA) used in conjunction with the Cas9 protein. Current sgRNA design 3 software vary in the details they provide on sgRNA sequence efficiency and are almost 4 exclusively restricted to model organisms. The crispRdesignR package aims to address these 5 limitations by providing comprehensive sequence features of the generated sgRNAs in a single 6 program, which allows users to predict sgRNA efficiency and design sgRNA sequences for 7 systems that currently do not have optimized efficiency scoring methods. crispRdesignR reports 8 extensive information on all designed sgRNA sequences with robust off-target calling and 9 annotation and can be run in a user-friendly graphical interface. The crispRdesignR package is 10 implemented in R and has fully editable code for specialized purposes including sgRNA design 11 in user-provided genomes. The package is platform independent and extendable, with its source 12 code and documentation freely available at https://github.com/dylanbeeber/crispRdesignR. 13 14 57
variation in efficiency for most guides 6 . Known sequence features that decrease sgRNA 32 efficiency are not always considered by scoring models 3, 4 , which could result in suggesting 33 inactive sgRNAs. The predictive power of these machine learning models may be improved by 34 considering their predictions along with the known effects of sequence features in the genome. 35 Potential sgRNA sequences that contain a sequence feature not conducive to Cas9 36 enzymatic activity can be scored highly by efficiency scoring methods that have not been trained 37 on that feature. In order to generate the most active sgRNA, sequence features must be 38 considered alongside efficiency scoring, however current programs designed to identify suitable 39 sgRNAs often do not report all sequence features relevant to sgRNA efficiency. This forces users 40 to run multiple programs to obtain all pertinent information. Features like sgRNA self-41 complementarity, presence of homopolymers, and potential off-target effects can drastically 42 affect experimental outcomes and are often not considered by scoring models 3, 4 . sgRNA 43 sequences that are able to form hairpins with themselves or with other regions of the RNA 44 backbone have been shown to either reduce or increase activity in separate situations 7, 8 . 45 Homopolymers that contain 4 or more consecutive identical base pairs (e.g. GGGG) can 46 decrease cutting activity, and a homopolymer with 4 consecutive T's will be terminated 47 prematurely in systems that utilize RNA polymerase III to create the sgRNA 7 . It is possible for 48 Cas9 to target and cleave DNA sequences with multiple mismatches to the guide RNA resulting 49 in off-target effects 3 . While often problematic for those working with Cas9, these off-target 50 sequences as well as hairpins and homopolymers can be predicted from the sequence features of 51 the guide RNA. Such features are expected to affect activity more consistently across different 52 cell types, organisms and PAMs than specific nucleotide position features 2 . 53 We have developed the R package crispRdesignR to improve upon current sgRNA design 54 software for CRISPR/Cas9 applications by providing all guides that match a customizable PAM 55 sequence within a target region of any genome using the advanced Doench Rule Set 2 predictive 56 model 3 , and by reporting sequence features often missing from other available programs but gradient boosted regression model trained on the FC and RES data set used in Doench Rule Set 73 2. The FC and RES data sets 3 contain about 5000 sgRNA sites plus context sequence (30-mer) 74 for a variety of different genes. Ranks for each sgRNA site are calculated from read counts and 75 normalized between 0 and 1, which is used by the gradient boosting algorithm gbm 15 to predict 76 sgRNA activity. The Doench 2016 scoring method is trained on guide RNA utilizing the 77 5'NGG3' PAM sequence. When designing guides for custom PAM sequences, crispRdesignR 78 does not change the scoring method as many of the sequence features considered by Doench 79 2016 3 are unrelated to the PAM sequence. It is however important to note that the accuracy score 80 provided is expected to be less accurate when designing sgRNA sequences with custom PAMs.
81
The presence of specific nucleotides at certain positions in an sgRNA target site can 82 influence the activity of that site. crispRdesignR will consider the single and dinucleotides at 83 each position and convert them into features that our machine learning model uses to predict 84 activity. In accordance with the Doench Rule Set 2 3 , our model accounts for the presence of 
Off-Target Annotation

122
Users may search any genome that is provided through the BSgenome package 12 .
123
BSgenome also allows users to import custom genomes and DNA sequences from FASTA files 124 6 (using the forgeBSgenomeDataPkg command on a seed file that describes the paths to the raw 125 sequence data in FASTA format; more information can be found in the BSgenome has only been tested for the "NGG" PAM.
171
• calloffs: If TRUE, the function will search for off-targets in the genome chosen specified by 172 the genomename argument. If FALSE, off-target calling will be skipped.
173
• annotateoffs: If TRUE, the function will provide annotations for the off-targets called using 174 the genome annotation file specified by the gtfname argument. If FALSE, off-target 175 annotation will be skipped.
176
• getsgRNAdata(x): This command is used to retrieve the data on the generated sgRNA 177 sequences, where x is the raw data generated by sgRNA_design(). 178 • getofftargetdata(x): This command is used to retrieve the additional off-target data, where x is 179 the raw data generated by sgRNA_design(). To find off-target hits for the sgRNA, the genome from a user-selected species is loaded 215 into the program through the Bsgenome 12 package in R, and each guide RNA is then searched Programs used to design sgRNA sequences often rely on predictive models but fail to 235 report other sequence features that impact Cas9 enzymatic activity. In other cases, the 236 information reported is calculated without excluding the PAM site, which is a recognition site for 237 the protein and is not found in the sgRNA sequence. For example, CHOPCHOP v2 18,19 is one of 238 the few applications that will provide the GC content of each sgRNA sequence, but it provides 239 the GC content of both the target sequence plus the PAM site, instead of the target site alone 240 (however, this has been corrected in the newer version of CHOPCHOP (v3) 20 .
241
The crispRdesignR software excludes the PAM site from the sequence information 242 reported and provides more sequence features to the user than other prominent free sgRNA 243 design programs (Table 1) . Its ability to search custom genomes and annotation files is essential for efficiency scoring can be trained on other experimental data sets that contain the sgRNA 287 sequence plus context (30-mer) and guide rankings assigned scores between 0 and 1. This allows 288 for user-generated efficiency scoring models trained on data relevant to that user's needs.
289
However, for this to be a strongly predictive model, activity data must be available and 290 normalized for thousands of sgRNA sequences in that relevant context 3 . The accessibility of the 291 output tables as .csv files generated by crispRdesignR also allow a user to easily isolate the 292 sgRNA sequences and run them through other scoring applications that are more appropriate for 293 a specific application but that lack the sequence features, off-target annotation, or genome 294 customization of crispRdesignR. 295 The flexibility and detail that is provided by the robust off-target annotation system used 296 by crispRdesignR currently limits the speed of the program. While other programs may allow a 297 user to index genomes for quicker searching, the process of indexing a custom genome can be 298 hardware intensive and overall slower than a few searches on an unindexed genome for off-299 targets, particularly for design applications in a small target region. For applications that require 300 sgRNA design in a large target region (over 1000 base pairs) within a large genome (over 1 301 billion base pairs), the user can turn off off-target calling in crispRdesignR to prevent long run 302 times. Although web-based programs that access pre-indexed genomes offer superior speed, we 303 show that they often report less sequence feature information, fewer off-targets, and they are 304 limited to the genomes that can be searched to a pre-defined list.
305
Another R package, CRISPRseek 23 , uses similar methods of efficiency scoring and off-306 target calling, allowing for searching custom genomes and annotation files. However, it lacks the 307 graphical user interface and several sequence features provided by crispRdesignR. The two 308 programs both take longer to run than many of their web-based counterparts due to the ability to 309 use non-indexed genomes, although crispRdesignR has a speed advantage when searching 310 smaller genomes while CRISPRseek is faster when searching larger genomes. Although both 311 programs use the same efficiency scoring method, CRISPRseek requires the user to add python 312 packages in order to obtain the scores based on Doench Rule Set 2 3 . crispRdesignR is able to 313 provide scores based on Rule Set 2 completely within R. Each program contains exclusive 314 features that the other lacks that may be useful in different settings. For example, CRISPRseek 315 has the ability to filter sgRNA based on restriction enzyme cutting sites, while crispRdesignR 316 detects possible self-complementary sgRNA sequences.
317
The R package crispRdesignR sets itself apart by allowing the user to import a custom 318 genome and/or genome annotation file to search for sgRNAs and off-target effects, while 319 providing extensive target sequence information and the option of an accessible GUI. These 
